Abstract. Shock waves in vapors of w-perfluropentane (C 5 F 12 ) and w-perflurooctane (CgF 18 ) are studied. The RankineHugoniot analyses show that for conditions of experiments condensation occurs behind a shock in n-C^u vapor, and that the saturation vapor pressure of w-C 8 F 18 is lower than the frozen (no phase change) pressure behind the shock. Irregular (corrugated) shock fronts are observed for «-C 8 F 18 , while is not for n-C 5 F 12 . The linearized theory shows the shock in w-C 5 F 12 vapor is in the region of strong stability, while the shock in w-C 8 F 18 vapor is near the intermediate region between a region of strong stability and a region of strong instability. The two-dimensional shock is simulated numerically: an irregular shock appears in n-C 8 F 18 vapor.
INTRODUCTION
The present work deals with shock-induced vapor-liquid phase changes in fluids with large molar heat capacities, i.e. fluids with many molecular degrees of freedom. The vapors of such fluids tend to condense on adiabatic compression (retrograde behavior) because the work of compression produces a correspondingly small increase in temperature, while vapors of fluids of lower heat capacity, such as water, which tend to condense on adiabatic expansion (regular behavior). Retrograde phase changes are usual in many two-phase systems: Rankine-cycle heat engines with multiatomic working fluids, hydrocarbon-fuel combustion engines, etc.
For liquid-vapor systems of fluids of retrograde fluids, new phenomena appear; the liquefaction shock wave, the shock front instabilities, rarefaction shock, for example 1 .
In the present, the shock waves propagating through the saturated vapors of «-perfluoropentane (CsF^) and nperfluorooctane (CgFig) are investigated experimentally, theoretically and numerically.
EXPERIMENTAL ARRANGEMENT
The shock tube shown in Fig.l is used to study shock waves in high molecular vapors. The shock tube consists of the high-pressure chamber, the low-pressure section, the test section, and the dump tank. The nitrogen is used as a driver gas, which is filled in the high-pressure chamber. The high-pressure chamber is separated from the lowpressure section by a quick-valve. The low-pressure section and the dump tank are separated by the diaphragm film, which is ruptured by a shock wave. The low-pressure section and the test section are filled with a saturated test vapor. The flows are visualized by the Schlieren technique through the windows located at the test section. The two pressure transducers are located at the center of test section (P B ), and at the 215mm upstream (P A ).
PROPERTIES OF TEST VAPORS
The properties of test vapors are summarized in Table 1 . The specific heats of vapor at constant pressure are estimated from the chemical formula 
RANKINE-HUGONIOT RELATION
The Rankine-Hugoniot relation for gas-vapor mixture consists of the mass, momentum, and energy conservation equations: 
where p , u , p, and h are the density, the velocity, the pressure, and the specific enthalpy, respectively. The subscripts 1 and 2 denote upstream and downstream of shock, respectively. By assuming that the gas and the vapor are calorically perfect, the specific enthalpy is given by
where Y is the mass fraction, C p is the specific heat at constant pressure, C 7 is the specific heat of liquid, T is the temperature, and L Q is the latent heat of evaporation at zero temperature. The subscripts g, v, and / denote the inert gas, the vapor and the liquid, respectively. The gas and the vapor are assumed thermally perfect gas.
where R g and R v are the specific gas constants of the gas and the vapor, respectively. The mass fractions of inert gas do not change across the shock, and the sum of mass fractions is equal to 1:
The number of equations is 6, while the number of unknowns is 7 (p 2 , Table 1 . Figure 2 shows a typical Schlieren photograph of a shock through saturated n-C*Fu vapor. The shock front is regular: a plane shock front is observed. A sharp change in density (dark region) is observed behind the shock front. The dark region is considered to be resulted from the vapor condensation to the cold wall. Figure 4 shows the comparison of analytical results with experimental ones for n-C^u vapor. They agree very well. Figure 5 shows the mass fraction of liquid behind the shock, which is obtained as the solution of RankineHugoniot equation. Ten to fifteen percent of n-C^u vapor condenses behind the shock. Figure 6 shows the relation between the pressure and the temperature behind frozen shock ("frozen 9 means that no phase change occurs) and the saturation vapor pressure at the corresponding temperature for «-C 5 Fi 2 . In the experiments, the ratios of pressure on the two sides of shock, P2/Pi, are in the range 2.2<P2/Pi<3.3. The pressure behind the frozen shock is higher than the saturation vapor pressure. Therefore the condensation occurs behind the shock. It should be noted that there is the region where the downstream pressure of frozen shock is lower than the saturation vapor pressure (17<P2/Pi). Figure 7 shows the comparison of analytical results with experimental ones for w-CgFig vapor. They agree fairly well. The discrepancies are considered due to the impurity of the vapor; it is contaminated by the leak of driver gas. Analytical results for w-CgFig vapor show that for the experimental condition the liquid -phase n-C^u does not exist in the downstream of the shock. Figure 8 shows the relation between the pressure and the temperature behind frozen shock and the saturation vapor pressure at the corresponding temperature. In the experiments, ?2/Pi are in the range 14<P 2 /Pi<25. The pressures behind shock are lower than the saturation vapor pressure. Therefore no condensation occurs in the downstream of the shock. It should be noted that there is the region where the pressure is higher than the saturation vapor pressure. (l<P2/Pi<15.) This fact suggests that the condensation and the vaporization occur inside the shock wave.
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Shock-Front Instability
Majda and Resales 4 analyze a linearized mechanism of instability through radiating boundary waves, and propose a stability condition of shock-front. A shock-front is strongly stable if 1 G+l where G is the Gruneisen coefficient, and is related to the specific heat ratio, 7, as G = 7-!, for an ideal gas. If the inequality (8) is violated the possibility of an instability exists. Figures 9 and 10 show the values of K in the experiments and the regions of strong stability for w-CsF^ and w-QFig, respectively. The experimental conditions are in the region of strong stability in case of n-CsF^, while they are very close to the boundary of the region of strong stability in case of «-C 8 Fi 8 . This fact suggests that the shock-front in «-C 5 Fi 2 vapor is stable and therefore the regular shock appears, while the shock-front in «-C 8 Fi 8 vapor could be unstable and the irregular shock may appear. 
Numerical Simulation of Two -Dimensional Shock in nVapor
A two-dimensional unsteady shock in w-CgFig vapor is numerically simulated to show the shock-front is unstable. To make the problem simple, it is assumed that 1) no inert gas is in the vapor, 2) no condensation occurs, 3) the vapor is saturated in the upstream of the shock, 4) the shock is infinitely thin, 5) viscosity and thermal conduction are neglected, and 6) vapor behaves as ideally perfect gas. The unsteady, two-dimensional Euler equation is solved numerically using the third -order shock-capturing scheme. The calculated domain is a rectangle 1.0m in length and O.lm in width. The 500 x 50 grid points are used. The slightly disturbed shock is initially located at the center of the calculation domain.
FIGURE 11. Numerical simulation of unsteady 2-dimensional shock, propagating a saturated pure w-C 8 F 18 vapor. The shock is located near the center of the calculation domain, and propagating from the left to the right. The density distribution is shown by shades. The upstream condition is p l = 0.5054 kg/m Figure 11 shows the density distributions at several instants. The disturbances do not disappear: the shock-front is not stable. The shock-front is irregular and changing with time. The density fluctuation resulting from the shockfront instability is observed in the downstream of the shock. The irregularity of shock-front and the density fluctuation behind the shock are consistent with the experimental results.
SUMMARY
Shock waves in n-C5F12 and n-C8F18 vapors, which have high heat capacities and show retrograde behavior, are investigated experimentally, theoretically and numerically. We summarize the present work as follows:
Shock in n-CsFn Vapor
Regular plane shocks are observed in the experiments. The theoretical results based on Rankine-Hugoniot relation agree very well with the experiments. The Rankine-Hugoniot solutions show that the 10~15 percent of vapor condenses behind the shock. The shock conditions in the experiments are in the region of strong stability.
Shock in w-CsFis Vapor
Irregular shocks appear in the experiments. The microscopic density and pressure fluctuation are observed behind the shock. The theoretical results agree fairly well with the experiments. It is shown theoretically that no condensation occurs behind the shock. The shock conditions in the experiments are very close to the stability limit, which suggests that the shock-front is unstable. The two-dimensional numerical simulation shows the instability of the shock-front, and the density and pressure fluctuat ions in the downstream of the shock, which are consistent with the experiments.
